Abstract. We report on the spectrum of field line resonances identified in data acquired by the Galileo spacecraft within Ganymede' s magnetosphere on a relatively low latitude pass. We infer properties of the plasma distribution and its transport from the observed spectrum. The harmonic structure in the spectrum of the magnetometer data agrees very well with the freq_3uencies predicted for resonances of a dipole field. The spectrum implies a density of 2 amu cm near the equator on closed field lines of Ganymede's magnetic field inside of 2 RG (Ganymede radii). This density is significantly r3educed relative to the local density of the Jovian plasma sheet near Ganymede (_< 8 electrons cm-, or -100 amu cm -3 for an average ion mass per charge of 20 amu and average charge of 1.5 electron charges). A shadowing effect of Ganymede for the flow of particles injected at a reconnection layer on the side of the moon downstream relative to the direction of torus plasma flow accounts for the marked density depletion.
The first three passes by Ganymede occurred above 30 ø latitude. There is clear evidence that on those passes Galileo encountered field lines linked to Ganymede at most at one end, with the other end linked to Jupiter's ionosphere [Williams et al., 1997a; 1998 ]. The final pass (designated G8, as it occurred on Galileo's eighth orbit around Jupiter) cut through the upstream magnetosphere with closest approach at 28.3 ø Ganymede latitude at an altitude of 1606 km or 0.61 RG, with Ganymede's radius RG = 2634 km. We believe that on this pass Galileo entered a region of closed magnetic field lines, that is, magnetic field lines connected to the moon on both ends [Williams et al., 1997b , 1998 ]. Here we will argue that oscillations in the magnetic field observed near closest approach can be interpreted as field line resonances ]. These resonances are normal modes of planetary magnetospheres. They are transverse magnetohydrodynamic oscillations of entire flux tubes. Resonant oscillations occur only on flux tubes linked to the planet at both ends, and a magnetic flux tube can oscillate at multiple discrete resonant frequencies. The resonant frequencies depend principally on the length of the flux tube between the ionospheres, the magnitude of the magnetic field, the plasma density near the equator, and the harmonic of the resonance. Schematic view from outside of Ganymede's magnetosphere looking toward Jupiter. This is a plane through Ganymede's spin axis (Z) that contains the vector along the direction of toms plasma flow. The torus plasma flows toward Ganymede's trailing edge, reI•rred to in this paper as the upstream side. At low latitudes, Jupiter's magnetospheric field B is antiparallel to Ganymede's internal field, and reconnection occurs. Within the magnetosphere, the flux tubes that reconnect upstream flow over the polar caps and reconnect again downstream. Low-latitude flow returns flux to the upstream magnetosphere. These flow directions are consistent with an electric field EG oriented radially outward from Jupiter.
Field Line Resonances
The magnetometer data of the G8 flyby on May 7, 1998, are plotted versus time in UT in Figure 2 . Labels give the location of Galileo in a Ganymede-centered spherical coordinate system referenced to the spin axis. In this system, B,. is radially outward, Bo is along the polar angle measured from the rotation axis, and Be is azimuthal in the right-hand sense. The data include an interval within Ganymede's magnetosphere ] as well as data from both approach and departure when Galileo passed through the plasma torus and observed the magnetic field of Jupiter's magnetosphere (southward oriented, i.e., Bo > 0) modified by insignificant perturbations related to the nearby moon. The crossing of Ganymede's magnetopause is revealed by a field rotation from its ambient southward orientation to a largely northward orientation. Large-amplitude, low-frequency compressional waves are evident near both crossings of Ganymede's magnetopause. These oscillations have been interpreted as Kelvin-Helmholtz waves on Ganymede's magnetopause ]. However, smalleramplitude transverse waves are also present at higher frequencies in the data taken near closest approach. Such waves were not observed on the other three passes through the magnetosphere.
The frequencies of field line resonances vary across L shells, so the characteristic frequency spectrum can be expected to emerge clearly only from data acquired at approximately constant L. Fortunately, for several minutes near closest approach the spacecraft remained close to a fixed L shell, as can be seen in Figure 3 . (For the purpose of identifying the L shell of the trajectory, we mapped to Ganymede's equatorial plane along dipole field lines and characterized the L shell by the equatorial radial distance from Ganymede's center.) Consequently, we select the 3 min around closest approach (1554:47 -1557:47 UT) for spectral analysis.
A coordinate system aligned with the local magnetic field is useful for revealing the properties of waves standing on the field lines of a magnetosphere. In Figure 4 we present the data rotated into a field-aligned coordinate system with mu along the background magnetic field (as determined by a third-order polynomial fit for the 3 min interval near closest approach), phi the toroidal component, and nu the poloidal component. Compressional waves produce field-aligned fluctuations given by delBmu, the difference between the data and the fit to Bmu. Transverse fluctuations appear in phi or nu.
Using spectral analysis techniques described by McPherron et al. [1972] , one can obtain the autospectra, cross correlation, polarization, ellipticity, and azimuthal and polar angles. The principal axis of the polarization ellipse is always in the nu-phi plane, confirming that these are transverse waves. The azimuthal angle at the spectral peaks varies around an average value of 45 ø with respect to the nu direction of the field-aligned coordinate system, indicating that the waves are not purely radial, but somewhat oblique.
Because of the power law background noise characteristic of geophysical spectra, the lowest-frequency peak, which is nominally the fundamental resonant IYequency, is hidden in the background. The background noise can be reduced by carrying out the spectral analysis on first diflkrences of the time series data. An eigen-analysis of the differenced data, described fully in the appendix, further sharpens the peaks. In Figure 6 we show the eigenvalues (trace) of the eigen-analysis spectral matrix. The spectral peaks at 0.059, 0.208, 0.346, 0.469, 0.579, 0.71, 0.832, and 0.991 Hz stand out clearly in the plot. Although individual Fourier coefficients are determined at IYequencies separated by 0.0037 Hz, we have smoothed the spectra by taking running averages over five frequency estimates. Thus the spacing of independent frequency estimates is 0.0185 Hz. This means that the lowest-frequency peak appears at the third independent estimate and is a real peak in the spectrum.
In order to exclude the possibility that the waves are not resonant oscillations but are propagating in from the boundary, we performed the same spectral analysis on segments of data near both inbound ( (n, = electrons cm-3). In the surrounding torus plasma, n• = 2-8 cm 3 and the average ion charge is 1.5 e, with e being the magnitude of the electron charge (Bagenal, 1998) . This means that the frequencies observed are plausible field line resonance frequencies, provided the density within Ganymede's magnetosphere is much lower than that in the ambient plasma.
As there are reasons to believe that access of torus plasma to the closed field line region within Ganymede's magnetosphere is indirect, the required low density is not unreasonable and the interpretation of the oscillations as field line resonances is plausible.
Next consider the wave polarization. In the Earth's case the principal axis of the polarization ellipse usually is along the phi component [Engebretson et al., 1986] . However, radially polarized harmonic structure has also been observed . In our case the polarization is oblique, which is Here no is the equatorial density at radial distance L. A notable feature of the spectra that they obtained is the frequency spacing. The higher harmonics are separated by roughly constant frequency differences, Af, but the lowest harmonics are nonunitbrmly spaced (see Table 1 ). Furthermore, the fundamental frequency is less than or roughly equal to half the frequency separation of the higher harmonics.
In columns 4 and 6 of Table 1 we show the frequencies in/erred tbr the different harmonics of radially polarized resonant oscillations in a dipole field for the cases m = 0 and m = 2. The frequencies have been normalized to the frequency of the observed fundamental spectral peak. The normalization is achieved by identifying L= 2 as the magnetic shell on which the oscillations were present and using a mass density of (mi/mp)noG-= 2 amu cm -3. (The waves were observed at 28.3 ø latitude and r = 1.6 RG which places them on the Lo = 2 magnetic shell.) The observed frequencies roughly match the model frequencies, the frequency separations are close to constant for the higher harmonics, and the fundamental is less than 0.5 Af, just as tbr the model. To within the uncertainty in the frequency of the fundamental frequency (+0.004 Hz), the inequality is robust. We therelUre believe that the harmonic order has been correctly established.
The density (2 amu cm -3) determined from the dipole model is even smaller than that estimated from the time-of-flight calculation and tar lower than the --100 amu cm -3 density in the surrounding toms (electron number density •-8 cm -3 and ion number density --5.3 cm-3). Here we have taken the upper limit estimate given by Bagenal (1998) because the G8 encounter occurred close to the center of the plasma sheet where the density should be greatest. For an average ion mass equal to that of the torus (mi = 20 mp), the number density at the equatorial portion of the L= 2 flux tube is 0.1 cm -3. However, in the next section we will suggest that within Ganymede's upstream magnetosphere the plasma source is likely to be Ganymede's exospheric ionosphere and that the inferred 2 amu cm -3 implies a number density close to 2 ions cm -3.
Implications for Plasma Sources and Transport in Ganymede's Low-Latitude Magnetosphere
The density inferred from analysis of the resonant spectrum is low relative to the density of Jupiter's plasma torus at Ganymede's location. This may be partly because at most a small fraction of the upstream plasma is expected to cross the magnetopause and enter Ganymede's low-latitude magnetosphere. The mechanism of transport across the magnetopause is principally reconnection. Reconnection appears to be efficient for Ganymede's magnetosphere, with 30-100% of the incident flux tubes reconnecting at the upstream boundary ]. As described in the discussion of is the reconnection efficiency factor previously discussed. Because Ganymede is tidally locked to Jupiter, it does not rotate with respect to the plasma flow around it, and hence the corotational electric field that affects particle motion in the frame of Earth's magnetosphere is absent at Ganymede. We calculate particle trajectories in the return flow by injecting particles of different energies in the equatorial plane along a line -2.5 R• downstream of Ganymede. We take the magnetic field as the superposition of a Ganymede-centered dipole and a mirror dipole 8 times stronger at 6Rv upstream. Figure 7b , the relevant maximum energy is 100 keV at L= 1.05, and the lowest energy is --10 keV at L--2. Newly reconnected particles do not populate these orbits directly.
illustrated. For the e = 0.5 case these orbits correspond to 100 keV electrons starting close to the moon at x = 0 on the Jupiter side. Moving at constant/.t, the energy of these particles is --10 keV near L= 2 on the anti-Jupiter side of the moon. These orbits may contain ring current electrons on closed field lines reported by Williams et al. [1998] . Ring current ions would be found in analogous orbits reflected about y = 0, though shielding electric fields would be expected to reduce the asymmetry of the orbits for both ions and electrons.
Recalling that the temperature of torus plasma is -100 eV [Bagenal, 1994] Ganymede. Thus the ionospheric density required to account for the inferred magnetospheric plasma density at L= 2 could be satisfied if 1% of the neutral exosphere is ionized. We cannot confirm the suggestion of this level of ionization, as neither the atmospheric structure nor the ionization mechanisms have been worked out for Ganymede, but the requirement appears not unreasonable. The suggestion that the plasma inferred from the wave spectrum is a proton plasma that has convected up out of the ionosphere cannot be ruled out, and there seems to be no alternative source.
Implications for the Electrical Conductivity of Ganymede or Its Ionosphere
Field line resonances similar to those we report were found in Mercury' s magneto sphere [Russell, 1989] Remarkably, although the waveforms depend on the ionospheric boundary conditions, the resonant frequencies are quite insensitive (<20% variation) to the boundary conditions, providing that the waves do not damp in less than one cycle [Newton et al., 1978] . Thus the tull range of reasonable assumptions for the boundary conditions produces an uncertainty in the plasma density of < 40%, which does not affect the basic analysis that we have provided.
When the ionospheric Pedersen conductivity 27p is infinite, the field line resonances have fixed-end boundary conditions and the electric field has a node at the ionosphere. Newton et al. [1978] showed that the waves have free-end boundary conditions and the electric field has an antinode at the ionosphere for zero conductivity. In neither of these extreme cases does coupling to the ionosphere damp the waves. [Neubauer, 1998 ], the rate of such pickup in a low-density neutral cloud is too low to yield the values required for the fixedend boundary conditions.
Assuming that the ionospheric conductivity is too low to provide the reflection needed for fixed-end boundary conditions, one must consider the properties of the icy crust. Eviatar et al. 
Conclusions
Galileo entered a region of closed magnetic field lines (i.e., both ends are connected to the moon) during the G8 flyby. The data from the magnetometer show strong transverse wave activity near closest approach. The waves, with principally poloidal polarization, are identified as harmonics of field line resonances and are well described by the harmonic spectrum for a dipole field. The power spectrum is highly dependent on the interval around closest approach. Shifting the interval to 1 min earlier or later blurs the frequency peaks. This is consistent with direct evidence (Figure 3) Hughes et al. [ 1978] . In the latter event the lowest frequency in the spectrum was the second harmonic, and only even harmonics were present. The wave growth was attributed to a bounce-drift resonance with energetic (10-100 keV) protons. In the Ganymede case, both odd and even harmonics are present, and the bounce-drift resonant mechanism does not explain the wave growth. It will be of interest in the future to test other models of resonant wave generation in relation to the observations reported here.
The density in Ganymede's upstream magnetosphere inferred from the field line resonances is 2 ainu cm -3. This is low compared with the density of plasma surrounding the Ganymede magnetosphere. We propose that the low-density results from the shadowing effect of Ganymede for particles injected into the closed field line region downstream. In the case of steady reconnection around Ganymede, fluctuations in the magnetic field will be small, and diffusion of plasma onto the closed orbits will be small. Thus a ring current around Ganymede is expected to be quite weak. A probable source of the plasma in the region probed by the G8 pass is the ionosphere, a source of an H + plasma with an inferred electron density of-200 cm -3. Encouraged by this result, we proceeded to enhance the sharpness of the spectral peaks by using standard analysis techniques described in this appendix. We first transformed the data to a field-aligned (FA) coordinate system. The FA coordinate system is obtained by fitting the vector components plotted in Figure 2 Earth's magnetosphere and suggest a similar origin at Ganymede. It should be noted that over most of the spectrum the power is greater in the nu component (radial) than in the phi component. However, the second peak has equal power in both components, while the sixth peak is dominated by the phi component. This suggests that the waves are not purely radially polarized but are elliptical with their major axis of polarization at a substantial angle to the radial direction. With the objective of improving the identification of the spectral peaks, particularly the lowest harmonic, we performed two additional steps in the analysis. First, we prewhitened the spectra by taking first differences of the time series data. This effectively multiplies the spectrum by the factor f 2, forcing the power to zero at zero frequency. Next we performed an eigenanalysis of the spectral matrix as a function of frequency. In this procedure we take the real part of the spectral matrix and, at each frequency, determine a coordinate rotation RO t) that diagonalizes the real part, placing the minimum diagonal element at i = j = 3. The resulting orthogonal transformation matrix RO t ) is then used to perform a similarity transformation of both the real and imaginary parts of the spectral matrix to obtain a rotated matrix G'•j defined by
G•i= RrGi iR (A2)
The transformed spectral matrix has a diagonal real part and an imaginary part with most of the power in the upper left (2 by 2) submatrix. If the waves are truly transverse to the background field and are highly polarized, one eigenvalue will be much smaller than the other two.
A plot of the eigenvalues of the real part of the spectral matrix for the first difference data is presented in Figure 6 . The spectrum is much flatter than that of the field-aligned data shown in Figure  5 . In addition, the eigen-analysis has concentrated the power at each frequency into a principal axis coordinate system that better defines the spectral peaks, particularly the lowest harmonic. From this spectrum we identit•y the frequencies of the spectral peaks interactively by centering a crosshair on each peak. The frequencies thus determined to an accuracy of 0.004 Hz are listed in Table 1 and indicated with arrows in Figures 5 and 6 .
It is difficult to assign error bars to the final spectral estimates. The original spectrum of the field-aligned data has estimates with 10 degrees of treedom (five harmonics). For random data with power Pro at frequency co we would expect the 95% confidence interval to be defined by points 1.8 Pro above and 0.4 Pro below each estimate. It can be seen that the range between peaks and troughs in the FA coordinate spectrum ( Figure 5 ) slightly exceeds this range. To approximate the errors in the eigen-spectrum, we subjected Gaussian random data to the same analysis procedure. We obtained a flat spectrum with a root-mean-square deviation of 0.31. Then we fit a third-order polynomial to the principal eigenvalue in Figure 5 and calculated the root-mean-square deviation of the residuals from the fit. Again, the deviations are larger than expected by chance. Also, we determined that the average ratio of maximum to minimum eigenvalues of the random spectrum was 1.5, whereas for the FA coordinate spectrum of the measured fluctuations (Figure 5 ), the average ratio is 4.5. Again, the ratio is larger than expected for random data.
The rows of the transformation matrix R(f) determined by the eigen-analysis are the unit vectors of the principal axis coordinate system expressed in the FA coordinate system. The angles these vectors make with respect to the original coordinate system define the principal axes of the wave polarization ellipse at each frequency. These directions are more variable than the eigenvalues. Nonetheless, we find that direction of maximum variance is uniformly orthogonal to the average field across the entire spectrum. For most of the spectrum this direction is oriented near 45 ø to the radial direction. The z axis (minimum variance direction) is, on average, tilted by about 20 ø from the field, mostly in the direction of positive phi.
In the plane transverse to the minimum eigenvalue (represented by the upper left (2 by 2) submatrix in GSj), we can determine the percent polarization of the signal and its ellipticity [Born and Wolf, 1964; Fowler et al., 1967] . We find that at each peak the average percent polarization exceeds 90%. This should be compared to the average value of 50% obtained with random data. The ellipticity is nearly uniformly-0.5, indicating left elliptical (with respect to direction of background field) polarization. The frequencies of the spectral peaks are listed in the second column of Table 1 . The proposed harmonic number of each peak is given in column 1. The differences between adjacent frequencies are given in column 3. The average separation of the harmonic numbers 2-6 is 0.125 Hz.
The identification of the fundamental frequency is the least certain, but our analysis determines a peak with period 17 s (f= 0.588 Hz). This value must be regarded as less certain than the higher-frequency estimates, as the detrending process that removes the background field significantly affects the shape of the spectrum at the low-tYequency end and 0.0588 Hz corresponds to only the third completely independent spectral estimate. However, its uncertainty is of order 0.018.
